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1.0 FM Recelver
-1.) Intrcduction

The FM

o}

eeeiver ztuty was bassd ¢n JPL Spec:iicsticn Ko 3PG-15002-D8N.
L d
mhe following list of tne unit specifications are arpiicable tu tne FM

receiver:

T [ o=
o Mo e

e

“i 3.5.2.3 M Receivers, [he console shali comital o LU

A . : .

contatning roth conventicnul and phese-locr FM odelo st bonoen LA T OnALL)
in Figure &, with the followinwg ~haractori tics:

3.5.0. 2.1 lnput Daacpans ¥ Yoo, The v Mo . . ontn il
three (3) ¢:s5ily interchungeabas bundpass Frimers ~Lon Lo T e
charucteristics:

m.  Sandwidtho.  The Lurun FLitern snals o PO T
+
Yondwidthe withan - 0 oceroent LT o Mo, L6 S S NI
The £3lter no.se Yanawiithe shell aiinl : T .-
power candwiot! T L0 MmO TLAn A .
Lo Axmplitude “asractopiitics. i Ny . ;
have coaximally-T17 crplonaie oreratteriatd e PR A
0.2 AL peak-to- e TID L0 tOVLTL Lae a0
c. Phase Linearity. The phage craracterietnice of "o tansres
filters zhall Ye sufficiently linear and oymneotrizog (¢ oo W
meet the otuti~ and dynaric linearity rogquir nents o Loh.0.in]

ané 3.5.2.1.3,
- 3.5.2.3.2 Limiter. The dual FM receiver chall cuontain 2 v linter

following the input bandpecs filter witn the following Sharacl-orictic.

a. Dynarmic range. The limiter spall have o ynantic

specified in 2.5.3.




b. Output wWaveforr.. The limiter output wavefcrui shali have

delay, rise and fsll-tinmes, syumetry, and drocp characteristics

consistent with the requirencnts of the FM detectors which follow ivt,

3.9.2.3.3. Conventicnal FM Detector. The du:l ¥ receiver chall

contain a ccnventional FM detector with performance chuaracterictics con-
sistent with the frequency statility, and static and dyraric linearity
requirements of 3.5.2.1.1, 3,5.2.1.2, and 3.5.2.1.3.

3.5.2.3.4 Phase ILock FM Detector. The cdual FM receiver shall

contain a mocdulation-tracking phese-lock FM detector with the following

characteristics:

a, Voltage-ccntrclled QO=scillator. The voltuage-controlled

oscillator No. 3 shzll have a center frequency of exactly
5C Mc, deviation capatility consistent with the transnitter

redulator characterictics specified in 3.5.2.2.3t, linearity con-
sistent with the ctatic and dynanic linearity specitis
2.5.2.1.2 and 3.5.2.1.3, and sufficient stabtilit, to satisfy the

overall transmitter-receiver stability specificd i 3,5.2.1.1.

b. Phase Detector. The phace detector bandwidth chall te ceon-

sistent with tae transritter modulator tfrequency response specified
in 3.9.2.2. 3. t chall be of sufficient fideclity to meot the
dynaric linearity requirements of 3,5.2.1.3.

c. Loop Gain. The loop gain shall te sufficicntly large .uch
that under conditions cf peakx transmitter deviation the locp Lhase
error due to T.nite loop gain will be less than 107 peak.

4
The loop gain statility shall te - 5 percent gver all cperating

conditions.



b d. Loop filter. The loop filter shall be of the passive con-
figuration as shown in Figure 4t. Three (3) standard loop in-
formaticn bandwidths of 3, 30, and 300 kc shall te supplied, with
component tclerances as specified in 2.5.1.3.5c. It shall be
possible to simple and reliably change the locp filter components
in order to operate with any information tandwidth fror 100 cps to
1.0 Mc.

£ e, Compensation Filter, A single-pole RC low-pass filter shall

be emplocyed at the loop filter output such that the overall phase-
lock FM detector transfer function is that of a "pure” locp. The
; component tclerances and interchengeability shell ve the same as

for the locop filter.

3.5.2.3.5 Qutput Lowpass Filter. The dual FM receiver shall centain

a single low-pass output filter with the following characteristics:

2. Recsponse Characteristics. The output filter <hill have nore
*

‘e than 3 poles and shall have either constant arplitude or linear

~

phase response characteristics manually selectatle.

t. Bandwidths. The cutput filter shall have three (3) stundard
bandwidths of 1, 1C, and 100 kc. It shall be possible to ~iunply
and reliably change the tandwidth determiuing components in order

to operate with any bandwiith frow 10 cps to 500 kc.

3.5.2.3.6 Offset Frequency. The offset frequency, fj’ shall te
exactly 25 Mc such that the cutput spectruz will ve centered at 5 Mc.
It shall te easy to replace this refercrce with an oxternally supplied

frequency.




3.5.2.3.7 Palanced .odula%or. The balanced modulator shall te

jcentical to those srecified in 3.5.1.3.3.

3.5.2.3.3 AC Isolation fmplifier. The ac isclatisn amplificr shall

be identical to that speciiied in 3.%.1.3.3.

3.5.2.4 1T Predetection Plarback. It shall be possible to easily

rodify the confijuration of the F.l receiver, as siown in Tigure I, in
order to dermodulate Fil siuncls previously predetection recorded,
1.2 Functionzl lock Diagram

—

A functional block diagran of the ! raceiver is siown in Firure (1).
The analysis of the various units that make up the ! receiver are listed
in the following order: (1) Inp:t 777, (C) Limiter, (3) Phase lock detector,

(L) Conve:tinnal FIl detector, (5) Nutrut LPF, Cther supoortinec sections

cone=rning the oper-tional varameters of the receiver will then Le dis-

1.3 Irput RPF

The recuired cnaracteristics »I the inpubt "2F are stated in sneci-

i

ficztions 3.5.2.3.1 (a) (b) ard (c). Three input filters centered at

20 me w.ose tarcuidths are 1 me, 100 kc and 10 %c are required, The

cnecifications state that the filter nnise berdwidth will Aiffer from

the half-pover bandwidbh by no more than 10 percent, a 3 pole Tubt-ermiorth

filter nmucts this reguirement, 1 plot of the amplitude and phase character-
istics of this filter is shown in i ures (2) ard (3). The above characteristics
ra ﬁlotted as a funcilon of radian frecuvency normalized to the radian

fregruoncy that corresponds to the half-power valne of the amplitude response.
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The 3 pole Butterworth filter will satisty the Iilter rolse tand-

width requirement; however, the phase linearity cf tinis unit i inferior to
the Bessel filter, The stringent requirements st toth zhase and amplitude

are incompatitle from thre standpeint of filter cdesign. Hence, in order to
2 r [ )

obtain a maximally (lat ampiigyde characteristic with steep skirts, the
phase response of the filter must be degraded. 0f course, the effect of
this degradation can te minimized by only utilizing an FM wave that has

significant sidebands well within the linear phase response of the filter.,

The 3 pole Butterworth 1 mc filter can te inctrurented by cnploying
3 helical type rescnators. 1Its approximate cize will e 17 x 1le:/4" x 3",
Its expected insertion loss will be 2 dt. The 100 ¥c¢ and 10 ke filters will

be instrumented by employing 3 or 4 cingle -rystal lattice section:.

These elements will give the required ~puricus supprescicr and arplituce

characteristics. The overall 2irensions for thece units.will te 1" » 1" x

2" and the upper limit on their inserticn lcss will e @ 4%,

The btandpass tilters cZescribed atove cun distor® the impressed M
wave by either posseusing a non-uniforn smplitade recponses or a nen-iinear
phase response. Intermodulation distorticn is caucd by the former fictor

because this effect 111 tend to attenuste .one of the significant cidebards

of the FM wave. The nunter and total frequency width of these sidebands are

& strict function of the rodulating frequency fr, asd the peax freg

GuPL.2y
deviation, A f, (Modulation index of FM wave, M 1s cquel oo A £/ 1.
A general formula that is frequently ezployed to determine the required

frequency width,(l) cf the r{lter is as follows:

(1) B=2fr (L+M¥+ VM

(o



A more accurate estimation of bandwidth required to pass &ll sidetand
components exceeding 1% c¢f the unmodulated carrier can be obtained from the
FM spectrum for a given M and fm. A plot of the required value of Bfor the
above condition is shown in figure (4). As shown, for & A f of 500 ke and
an M of 1, the required value of B that is necessary to hold the distortion
below the 1% value is 3 mc. Alsc, 4s M increases past the value cf b, the
required value of B assymptotically approaches 2 A f. C(pecifications
3.5.2.2.3 (&) and (t) state that the transmitter-receiver pair must be
capable of operating with a A £ of 500 ke and an . ¢f 500 ke, However,
if an FM wave with the atove parareters are passed through the 1 nc filter,
an output wave with 11% distortion will result. This value follows froo
the fact that the sccond sidetand 3f the FM wave weult Se reloctesd by the
filter. This silerand's acplitude with respect tc *ne arplitude of the
unmodulated carrier is .11.

As previously stated, a non-linear phase respcnse of the Uilter
will also cauce distortion in the cutpul FM wave., % 0 oo iay
from this effect can Ye rinizized ty utilizing FM weves wiooe (opcoriant
sidebands fall within the lincar phase respecnse of tue [liter. The thase
characteristics of » filter is usually given in terms of i group delay,
To. Its relations with the actual phase shift ana Urequensny of tie FM
wave can be stated as follown:
(2) B = TO W+ nTr
where B 1s the phase shift

W 1s the radian frequency

n is s constant.

Py
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From equation (2) it follows that W=7 .
It follows that if di/d4 is constant across the freguency band of interest,

then the rhase snift b alsco varies linearly acrocs tnis same band,

. Fipure () is a plot of T, ve. the normalized redian freguency /7 DB for

a ? vole Bulterworth filter, #s shown, TO stays relatively corstant over

the frequency interval of ¢ < ey - +2. ence, from the rhase

c
3

standpoint the upper freauency limit on the three filter values are 107,
g 3
10 and 107 crvs,
Signel fidelity decredaticns due *o the filter's rhzse characteris-
tic can be esserntially eliminated by utilizing a rnacsive equalizer at the
output of the filte-, This device has an all pass charscteristic with

respect to amplitude »nd a ~hare charzcteristic that i the recirrocal of

)

the filter'e phace resronre, This device will be reruired if the cirni icant
sidebands of the M wave exceed the rrecuency limits stared above, Since
specificaticn 2,%.2.2.3 (2" and (b) only state the uprer limits on the value

of f and fm, no conclusionrs repardine the use of 2 rhirce ewuwalizer can
be made until intermediate volu=s are chcsen by JPL, in ract, the quecticn
as to vhether the cneciitcstion 3,0,2,1,7 concerning dmomic linrarity can
be fulfilled -rdAtw the tyre of filters reguired te MI7i11 smecificetion
3.5.2.2.1 (&) will mainly devend on the actual oreraticnal values of f
and fm and nct orn the maximur values stated.
k.U Limiters

The required orveratine characteristice of the limiter unit is
civen in specification 3.,%,7,3,2., In order to vielc » wide opers-icnal

cirnal ranpge for the comvert: ~nal and ohase lcck detectors, an inrut s/

renge of =364t to +3" db uac chosen from the 5/N <ummer, The liniting

™~
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factors for this range beins ihe raximum attainsble value of 17C 4b for
the oper lecp pain of the rhsse lock detector. The ~'ove rarge will
guarantee a minimum 5/N invit of -28.20B to -L.7DE dcrentins con the
operatiocnal charzcteristizs of the phase lock detestsr and the particu-
lar input filter that is emrloyed. Also a maximum Z/N range of +Li.3 db
to 64.8 db for the above conditicns is alse prossihle, 7With this ide

ossible operatironal ranse for the FM receiver, all rrzctical cases for
testing the detectors are present; hence, the need Tor the 107 db dynamic
range for the limiters are given in specification 3.5.2.3.2 (a) isn't re-
guired,

The limiter preceding the phase lock detectcr is necessary in crder

to insure a relatively stable loop gain over the degired dynemic rance of

e

signal-to-ncise ratic vslues (= )} at the inpput to the lipiter, Ancther

=i

advantage in the use of limiters 1s for the reduction of the imnressed AHM

Y iw

modulaticn on the inru* M wave. Thie latter cierscterictic reducers the

gigflal distortions in both the chase lock and convertional detectors,

(2) :
The work of Davenport on the limiter's effact on the S/N is

[ae)

-

useful in desirnine the shase Jock detsctor, Lt w-oo ¢ und that “or input
(S/M) into Hhe 1imitere <7 1.o¢ than =L dv, a reinciion in thr cautput (S/N)

ha¥
takes place. <he smount of the

'3

eduction grodually ‘nerexsss 2% the inrut
S/N decreaces un*il it asvwm feiically aprroactes 5 Yigdtine vaine of /L
for a (S/N) of =10 db., For a 7/N iprmt greater thar -4 db a gain in the

output S/N i¢ chtzine’, This pain er-dually incre sec nntil v s7amreoti-

AL ar erenter, The

P
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caused by the limiter. However, for a modulated input sisnal, the (S/N)

out of the limiter will be higher than that predicted by Davenport since
the main noise contributinn resulting from the cross product of 5 x N
will be further rem~ved from the center freguency. chcg, this noicse
contribution will suffer more attenuation by the filter, In the unmodu-

lated signal case, the SIN noise term will essentially fall within the

passband of the filter since the signal spectrum is only one line. Also

in computing the output S/N terms, Davenport included all of the noise
terms that extended over infinite frequency limits. This was done for
mathematical convenience, Actually, the output noise values are only
those nassed by the output filter; therefore, it follows that the actuial
(S/N) out will be hisher than the theoretical valie,

The transfer function of any sctive unit, in general, can be yiven
by the exnression y = X x"/" , where y and x are the invut signals and k
is merely a constant, n is defined Ly the tyme of unit that is under
consideration. Yor a -erfect limiter, n = 00, Of coﬁrse, this nerfor-
mance isn't obtained in practice because there always exi-ts a finite
onerational threshold rersion. Also, a practical limiter will cnly be
effective over a given input power range of S + N values,

The required dvnamic range over which the limiter must operate will
essentially depend on the minimim desired value of 5/N that is below the
threshold lavel of thz phase locked Aetector and the maximum valuve of S5/N

. that can be obtained “rom the S/N summer. The threshold Tevel of the
vhase lock detector is that value of 3/N that is defined in the closed

loop noise bandiidth, 2 BIL of the detector. ihe tntal possitle varia-

tion in the out-ut 5/N from the S/N sumrer is +30 db te =70 db defined in

a 15 mc bandiwidth. The above range is obtained by a nonice source that

5




yields an ouipun p@er Ty O Lo =50 dbn, I a ot o el
source ,srcduces 2 ouver catuut aoage O ~003hm Lo - .
i} - 7 : : . : > 3
A3 previmisiy stato o the SN ramge Lot Wil b el Tor Lhe

o receiver is ~37 db Lo + 30 0 efined in the 15 oo oo
the 5/N summer. In orier tc cbtain the anove rnto, ths 31L-nal nower
range will be taxen vebtwasn =20 dom to -4l db~. T neiss SoWer run e
Wil be baren as -5 4om o te =SC dem. For the o limids Telined ahove,

fipure (&) 3hows the varicus Timits that can he oObined Yor the U oree

standard inoub tilters and the valucs of L momoutad from the required
looo inforwaation vanawidths ives in spaciricntion et el tene AV, a8
showing the values of 0 L0 ire & me, 200 ne and U6 Yoo dhe computation
of these values will pe disuussed in the next section., Lo 1Y is noticed
in fipure {(0) that in the case of MI¥ L., the operatronnl values of
3/N depends only on the btandwidth ratio of 1i wmc o the partizular inpub
filter bandwidth, Also, figure 7 is a piot of the corr soonidlng values
of the si;nal and noise powers chosen versus the outpus (/W for ihe
summer .,

At the inout to the limiter, the lover 5/M valne s 3howun in figure
(4) is -2h.2 do. “aterring to fiure (), it is seen that the corresnends
ing signal and noise p wur levels are -L0 dom and -10.5 dow. An ounoer
1imit for the incub S/N to the limiter is ©i. di. The corresponding
sirnal and noise powers for this case are -20 dbnm and -21.% dbm.

In order to obtain efficient limiting action ©n 111l nossible varia-
tions of si mal level, 10 db of btand limiting for the lowest si.nal level
should be obtained. 4also, since the AM modulati-m will vary the 3ipnsl

amplitude level Uy a 6 db value,it follcws that a 1t dn liniting level

should be nrovided t» cover all possible signal varlatlons. Cince the

.

6
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minimum signal level is ~LO dia and 16 db of limiting is required for
this value, it follows that 5= db of gain is required from the limiter
unit,

For the above value an € stage tunnel diode limiter will be employed,
This type of limiter has already been developed by liestinzhouse. The out-
oput signal level of the limiter will be set at O dbm. Also each of the
limiter stares will have a gain of 7‘db. For an input signal level of
-40 dbm, 16 db of limiting will occur in the last 3 stages of the limiter.
At g maximum signal level of -20 dbm, 3G db of limiting will occur in the
last 6 stazes. The maximum noise power at the input to the limiter will
occur at the S/N value of -2} db for the 1 mec input filter. Since the
maximum noise power is -15,8 dbm, L40.2 db of limiting will result. In
order to obt.in jood operaticnal drive levels for the two FM detectors
over all possible signal levels, a wideband feedback pair amplifier with
a power zain of 20 db will Le inserted at the outout of the limiter. This
unit is particularly necessary for the case of the phase lock detector

when it is operatinz at the -LO dom input signal level., In the case of the

higher signal levzls the 20 d» gain factor could be reduced if it is desired.

20
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In order to minimize signal distortion in the limite}, it
is necessary that the bandwidth of each limiter stage be at least five to
ten times the bandwidth of the signal. The above distortions occurs due
to the deterring effect on the tuned circuits in the limiter cause by ~
changes in the reective and resistive impedance level of the limiting units.
The variation in the ‘resistive portion of the diode impedance tends to
change ths shape of the respénse of the tuned circuit. The variation in
the reactive impedance of the diode causes variations in the resonant
frequency of the tuned circuit. It follows that if the bandwidth of the
limiter stages are broad, the percentage change fron the above effect will
be low. A tunnel diode type of limiter will be employed, tandwidtn values
of 10 mc will be easily obtained. The 1C mc value is chosen from the highest
input filter bandwidth value stated in specification 3.5.2.3.1 (a).

An upper limit on the value of the bandwidth is set by the require-
ment that the adjacent harmonic components of the limited signal be rejected.
Since the operating frequency is SO mc and the peak frequency deviation is
500 kc, a unit limiter bandwidth of 10 mc will satisfy the harmonic rejection
requirements.

Instead of cascading limiters to equalize the 2t dbm input power
differential, a combination AGC system and a smaller number of cascaded
limiters could be employed. This latter technique is usually employed when
the bandwidth of the input wave is high (about 10 to 20 mc). In this case,
the AGC system is necessary because of the requirement that the unit limiter's
bandwidth be about 10 times the value of the bandwidth of the input wave.
Since the overall limiter section must produce a certein amount of gein in

order to efficiently drive the detectors, a very large bandwidth would require

a prohibitively large number of limiter stages. However, in the case under

21
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consideration, the 10 mc limiter stage bandwidth dcesn't neccssarily
require the use »f the i%7 system, For the case of a relatively low
bandwidth for the inpt signal, the method that is emmlovad is ontional,

1.5 Thase Lock Detector

As stated in s~ecification 3.5,2.3,L4, the 7" recniv © shall cort-in
2 -nd:latinn trecidns phase-lock Tl detector, The linearized version
A the PLL shown in 0% oire () of the transmitter sectinn of the re-ard
will bte wtilized to deternne the required onerating narzmeters »f the
loop. OSpeciiic valwes Jor Yhe abiove narameters 11l te ottained fron
the JPL specificebion 2.5.2.3.4 (a) (b) (c) (d) and (e¢).
The three main naramecters that must be dei'ined Ior the phase 1ock
”
det-ctor arc the recuired values of the loop inforratisn bardwidth, Ty ,
and the minimum value oi %he open loop gain CSQ « A3 stated in swcifica-
tion 3,5.2,3.0 (&) the values of ?n are 3, 30 and 390 ke, The rocnired
- . . . c - )
value »f O, Is determined by the static deviation value and the reak
nernissalile phase error stated in speciication 3.7,2.3.L ‘o),

ence it follous that

~~
CAara AT A T ke iR Fallows bt Go

is 17 x 1Y rzda-s/sec,
“he signal cunpres. on Jactor 6d is srovembioral Lo Lhe corrdor

v2lhage abt the inoub of the liniter, The above factor 1o ~lzted to

t'.e input and nut-ut 5/ af the limiter by the followin- i

e
D
o
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Since the input 5/N values vary from -2L.2 db to +61.8 dbt it follows
from the above equétion thatod will very from ,057 to 1, Hence, the
open 106p gain G will vary by a factor of 17.5L or 2L.88 dv., Since the
maximum open loop gain G is steted to &, by the expressinn G, = ®4G it |

follows that G is equal to 3.16 x 106

or 170 db,

In order to determine the cliaricteristics of the lonp filter, the

various tems for the PILL defined in the transmitter section of the
renort will te employed., From equation (3) of this section it is shown

that

H (5\) c G, F(@,

T+ G, F(Q

" The type of loop filter that will be ermployed is stated in specification

(5)

3.5.2.3.4 (d). It has a transfer function #(8) of '( -t l/'t. S+l .

-.“e“ce in inserting this value in ecuatinn (5) it follows th=t

.-

H{)= _ = L (6)
ot L+ %) s+
7 z+( )

In relating equation (6) Yo the gzereral expression for a secord order

—-— —_—— R W N

sarvo it follows that

e Lo 1) Foo <€ 1 ()

w\uL [ ) G

\
Ty J'/H
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Utilizing the above equations with the given values of ph 0f 3 x 12 cps

3 x ZI.OLl cps and 3 x 103 cps with a G° of 18 x 10 rad/sec. St is nngsible

to compute the required vnlues of t’, and ’C‘ for ang of ,7. T

snows tne result of those computa

G,J ( ra.Q sec)

}8 x 10

6
13 x 10

- (}gv
5
3 x 10

3 x lO

6 3
1% x 10 3 x 10

As stated in the transmitter

loop gain G is equal to 2 T» K,
3

x 10 radia;s/sec.

nf K}n

determined bty the slop
5
will be 5 x 10

kg‘is

each wikth

170 db or 3.16

ar freater the value

cps/volt, The

9.3 or 34 dt, In srde
2 gain of 17
As the inhub 5/% to the 1linmi
kﬁh will also decrease.
Ky will le 134 7o1ts/racian,

in; level

ab sional

'(J

ponds to a input voltage level of

level of 50 ohns.

AR

is ziven to siinW its proxirit—+ bto Ql far loom

chiaracter

ns.,

7h.24

tics »oi the

refore, it fo lows

r

Zor oa nlth

to the phase detector

Since the supnress

2.2l volts rms

to ralize this

dt ezch will be e-plor-ed,

input

will

100N

that the detector must handle is ,128 volts rms.

295

For an input 3/

will be 2 volts/radiar.

'y

Hence for an inpat 3/ of

Tn ad 'ition the wvale

stability nuxr

£0720

section of the reno

cho Kg( .

by

1535,

The regaired valiue o2 2

/ﬁ .
;.31 X 10

2.115 x 20

2.14

tho maxinum open

is

to the limiter of 419 db

The val.e nf Kve_o

b

BP0

L]

L chosen,

that the reguired value

NN

)

ter decreases the corresaond’

2 d.c.

-24.2 At the

/h
‘Le +27 ] uL"A.
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minimum input

3
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utb
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v
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ziue »f

imredance
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Lol -onf e
cation 3.5.2.3.4. ). For this case, the filter : & have a transfer
function of the form 1/4 ¢+ 1. The time constant; ¥, , is identical to the

‘values computed for the specified loop filter, Hence, as the loop infor-
mation bandwidth, fn, is varied the values of‘(lmust also be changed to
comply with the desired operating conditions.

- 1,6 Output Low Pass Filters

The requirements for the low pass filters are stated in specification
3.5.2.3.5 (a) and (b). Linear four pole filters with bandwidths of 1, 10
and 100 kc will be employed to satisfy the above requirements. 1In the
case of the linear phase requirements, a four pole equiripple phase approxi-
mation will be empLoyed. For the constant amplitude requirement, a four
§ole Chebyshev magnitude approximation will be employed. The amplitude
and group delay factors for the optimum phase filter is shown in figures
(8) and (9). For this cése, a 05° phase variation is encountered up to the
normalized frequency value of 1.5 W/W3DB. As the frequency increnses past
this value, the phase characteristics of the filter detericrates quite rapidly.
For the optimum amplitude filter, a plot of the group delay versus the
normalized radian frequency is shown in figure (10). The amplitude character-

istics for this filter is given in Table II.
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Frequency W/WBDB Amplitude ( -DB)

#02 00986
.06 .O08E
.08 .0079
.1 0069
o2 0014
o3 <0062
L 0065
o5 0098
b .0016
7 0021
.8 258
o9 1,13
1 ' 3.0L
1.2 RoTh
1.k .57
1.6 19,68
1.8 2L.12
2 28.03
2.4 3L.7
2.8 L0.25

T/BLE IT Output Filter Response

29




As shown in the above table, the amplitude response has a ripole fucter

. . . W
of .01 db within the frequency limit of /W 308 of .7. Past the atvcove

frequency value, the armplitude factor deteriorates quite rapidly,

. 1.7 Conventional FM Detector

The requirerment for a conventional FM detector is stated in specifi-

cation 3.5.2.3.2. The various operating characteristics that must be con-

sidered in chocsing the type of discrimirator to employ are as follows:

Qe
b.
Ce

d.

Recuired stetic and dynamic lineurity factors
Operating requirements of the driving unit,
Distorti.n due to imbalance in the discriminator

Instrument..tion factors.

Taring the above factors intc censideraticn, the choice of the type of unit

to employ essentially narrows down to a high or low slope discriminator. The

advantages of the former type is essentially that it reouires less input drive

power and the .!! rejection requireren%s on the limiter unit is less severe,

Also, the effe:ts of imbalance from the standpoint of output distorticn is not

as severe for this type of unit. The advantages of thre latter type ic that it

has better linearity characteristics and the conpenents recuired te instrument

tre unit are more adaptable to the raquired 50 me. oper ting frecuency. Since

stringent lineurity recuirements are imposed on this unit by specificaticns

3.5.2.1.2 and %.5.2.1.3, a low slowe delay line frequency discriminator will

be emplcyed. This type of discriminator has been built and tested by Westin, -

house,

A static linzarity factor, in the regicn of the center operating fre-

quency of .05% has been obtaired, 4 circuit diagram of this unit is shown in

figure (11), The phase relationships at the various points :along the delay

line is shown in figure 12,
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As shown in figures 11 and 12 both phase splitting anc the Jevelop-
ment of quadrature voltage is accomplished by means of a lelay line. Ths
/‘/2 saction of lire vrovides out of phase "sampling" voclizges while the
)Vm secticn provides the guadrature voltage to he sarpnled. The peak de-
*
tecting or sampling diodes are connected in a well rnewn chase detectisr
fashion,

The di :criminator characteristic is computed for sineg wave inouts

using the informaticn of {isure 12, The phase shift at points B 4 O are:
)
T & b = 2T ¥4
(12) @B Co ~ EY T
morsover, the voltagss at A, B, & C may be written

\J 5= C e A =

(13)
ay Veprome re—$8)
(25) Ve = C.n«t»(l‘)'t*‘?sc)

The first peak detector will have an output proporticinal vo the d.f“erence

between V. and V ,
A c

,/ VA —c = et -f

3 . \
)—-C‘c}&-'\ FOR lh;}
(10)

vhile the second peak detector will have an cutput proporticnal to the

difference between VE and V_
]

an Va-c = oa{ Wt = fp)— amalue — 3 )

Equations (16} and (17) may te reduced to the forms
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TABIE IIJ. Output Characteristic of Transmission Line Discriminator
(Computations By Means of 5 Place
Logarithms - Accuracy to L Places)
o o sin L5 f/f
(U5 £/1,) (90 f/fo) sin b5 £/f,  cos 90 r/rO x cos PO £/f  DIFFERENCES
Lo 80 6428 <1737 1116 0L16
L2 GIR 6691 «20U6 «06999 +OL57
Ll 88 69L7 .03L9 L0225 0Lk
L6 92 L7193 -.0349 -.02510 L0526
48 96 #7L31 ~.10L5 ~.07765 L0556
50 100 . 7660 -.1737 ~-+1331 L0575
52 104 .7880 ~o2L19 -.1906 L0594
sh 108 +8090 -.3090 -42500
55 110 8192 -.3420 -.2802 L0605
56 112 8290 -.37hé -.3105 +00613
58 116 .8L81 -.1384 ~«3718 ctr 0012
60 120 «8660 -.5000 -.11330
61 122 8746 -e5299 -1635 .0608
62 124 .8830 -¢5592 -.1938 L0596
6l Toaee .8988 - H157 ~4553l L0579
66 132 9136 -.6691 -.06113 L0556
68 136 9272 ~-e7193 - 6669 0529
70 W0 9397 - 7760 -. 7198
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The deviatien from linearity sl vhe center of the aclected rugzion 1s

\'\ ) cSS}h + 1705 e 03718
2
~ 100 = g lfad

. ‘5‘3‘: - .190’

)

The deviation from lirnerity at the centsr ~f Lhe low:r PAlf of the regicn

Vs 83700 4 1500 e 2002

2 - S Xad Y

5570 - L1906

thile for the upper 110 the ro.ult is

L4 L2718 - 635

o

LE;

[URLY

X].OO"—.

e

This acquricy is cutzined over a bandwidih of

oy - 52

L5 43 <100 - 20,77
50 :
iz

Note that the repicn of extreme line.rity iz displiced from tre balance
20int f/fo = 1. e:curements have shown linear operaticn of this discrimi-

n-tor, which was ~onfirmed by the above analytical develo ment.,
b4 W
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As chown in the above Laole, the optimum lirvear opevaticnal roint
occurs at an f/fO vatue of 1.0008, Henre, the lengihs oF the vorlous
sections of the deley lire must Te cut so that “or an &« 0 ~¢, tro
above condition is s=tisfied., For the o ave values o 76 of 1,79 .
iz required., When the carrier is deviated over th. = .vipu. {rocungcy ai-
cursion of + 500 k¢, the corresconedn; veiuves of O/f 0 ape 1000w 1,00,

Hence, in utilizing the equations o

tre stavis linearity vilae
for the ahove 7eak frequency excursions i1z ,37,0, Lo Lhe ook frecuerey
deviation is taken over a wider interval, the actval stavic T vty value
will imorove when comduted on a percentase basis “or the whele Crecioncy ine
terval,

rem the zbove discusnicon, it follcws thab ohe ol Vine Jiocriain ter
has 7 od linear chiracteristics over a 205 bLanduidsh v.ve. JO.nce ne pued
circuits are ornloyed in its construction, cutiout 5Ll decredoloo L due
Lo frequency dri®t or wisalicrsent will be =animi-ed,  Mhie 1z a5 e rht
ooint since one ol the ooijor lloscivantages of o low siope Lol oaroulc aic-
cririnater is She irmeronond sisnal dosrosdotion due o 3oL nes aveoc o aloh

X Y3 1 ) mi. . - AT Y e TV e 4 SRR RN P ' R T T W
slope unit. The &ype of 'nibs recwiros to anstrurent the . Gmaeur 11

PR

have broad band charuereriitics; hence, relstively Lirse oner tion 1 haide-

widtts are pc siole with ithis {rpe of discriminator.

vper-.tins fregquency this cverull unit can e nire onsily

cemntred Lo a tuned circuit 4irue,

\ + /M S Ty . : A .. . T e e U
The outout /N of n ¥ systom will vry an o linc . r oaine A

spact to the insut 3/N when Lo system oner teo alove its tlresholad v.lue.
Below this point, the output L/N decrease. very rooily as e o0t /N
decreases, The ubove charucterictic is due to the Lisic mrareriies o0 re-

quency mcd.latlon, It nas been found Ut the magnitile of the toroshcld

v



value (S/N)T is a fanetiun of the modulation'index, M, 1Yor viluss of
Mo» 5, this threshold point is quite abrupt and can ezsily be aetermined
in a plot of output 3/N versus input S/N. For lower value: of i, the
curve at the expected threshold point becomes more rounded; hence, it is
more difficult to determine. This latter condition makes it difificult
to obtain an analyticcl expression that relates (S/Hgp) to the FM system
parameters. !lowever, an empirical expression that aporoeximctes the re-

quired value of (S/N) has been attained, It is as follows

e, [
\ T =

(%,T_@BR -

.(;'J) &F"m\, f ]

BV is the ncise bandwidth of the IF filter
fm is the bandwidth of the n»ost detacticn filter

(3/N)p is defined in the above noise bandwidth. Tor the IF filter, the
aporoximate value of By will be very close to the specified 3 db bandwidth,

Therefore, for a B,, of 1 mc and an f;, of 100 kc, the rscuired value of

N
(S/N)T is 12,6 or 11 db., In the above computation trne plot in Fipure 4
was em>loyed to compute the maximum permissable value of . for an M of 2.
For an (S/N)T of 11 db in a 1 mc bandwidth, the corresnonding vilues o S
and N at the output of the rilter wculd be -2¢ A dbm -L7,,dbm. ror the
above signal value, the limitiny action will take place in the last two
stages of the limiter,
Since dipital data will be employed with tﬁe ™4 system, the values
of certain operational parameters should be chosen sc as to insure ontimum

overation., The narameters of interest are the IF bandwidth, bit rate and

the peak freguency deviation Af. For a given FM system, the maximum bit
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rate that can be employed would be a value equal to the IF bandwidtih,

In fixing the above two parameters, it follows that the magnitude of ‘the
S/N at the output of IF Iilter can be maximized by cor ectly choosing the
value of 4 f. This follows from the fact that the signal energy of the

FM spectrum within given frequancy limits is a function of A f and the bit
rate, Since the bit rate and the frequency limits havg bsen chosen, a maxi-
mization of the signal energy can occur for a certain value of Lf. It
has been found that in order to obtain a minimum probability of error, the
optimum value of A f, for the above conditions, is ,71% times the bit rate.

1.8 Dist<rtion Considerations

Output distortion components from the transmitter-receiver nair will
in general be caused by the following factors:

(1) Frecuency instability in the FM transmitter

(2) Phase and frequency variations due to power sulply ripole

and circuit capacitances

(3)  Noise

(L) Imbalance in the FM detectors.
Carrier frequency instabilities and the power supply ripple will both add
diregtly to the re ulting residual frequency deviations in the detectors.
These deviations, will, in turn, degrade the dynamic linsarity characteristics
" of the above nair, Hence, the frequency stability requirsments and the dymamic
linearity are related. Variations in circuit capacitances will cause phase
modulation of the carrier, The residual frequency deviations due to this effect
can be relatively minimized by erploying wide band circuits through the trans-
mitter receiver pair. Since this design factor wlll be emplcyed, the effects

of this degradation will be relatively unimportant., The imbalance factor will

be negligible for the conventional FM detector due to the fact that no-tuned
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circuits are erplored n this onit. The balance polnt 1s rarely a omchion
of delay line lenstns Turcs=, vhis passive fuctor ra& « stvabie operabing
condition, Th imbaltﬂcc Saetor for the phase lock detector will mainly b2 de-
termined by the stebility provertiss of tha loop Voo, Jlnee, in this choe, .
active elements arc invs lvad, Llarger relitive driftts in the operalving charac-
teristics of the w.it will scour,

Thermal noise has i detrirental cffect on the irecusncy stapility of
an M system due to thie ot that it phasc mcdulates the carrier, ience,
it does, in turn, causs a freguency modulation, Due to the fact toab noise
directly causes p.ase mudilation, the cutput noise zoactrun fron an o de~
toctor will have a triangular shape, Therefore, it “nllows that the rasult-
ing residual [recusney erxcursion will be a strict functitn of tre {requancy
difference betwesn the center frejuency, FO, and the frecuency Fi of the
noise spike cousing the phase modulation, Mathematicilly, the rzeidual [re-

quency value due to thermal ncise can be exnoressed as follows:

3

I A ¢ . T.: . ,
( - 5\ A X‘T‘ N . o [ \ r 0 3 ‘1
N 4‘1 ; i ' N
Qe—

where ¢ is the neax carrisr volbtare

-~

For a »iven renuency int rvid, FO - F o, the vi.lus of L fmovill oo cleter-
mined by n/c, Oinsa tre nasimim value of L fn is svecified the above factor
will essentially set = limit on the lowest operatimil nfe volue thob oun be
tolarated, Ii Fe) age bhoen the pott detrimental o Tesis oa the v o
n will oceur . hn b relceivar 13 aneratin? with the 1 me inout Talter,
1.{3 Spacifin tion Svcestions
(1) sSpecirtcation 3. .2.3.1
The aboves soneci:ication puts stringent requ.r2rents on both the

amplitude and vHhase response ~f the input filters, .n order to conply

4C
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“Low



. H ] - . .
. -~ - B4
Y : L S AT
. . s
T 1 . vy s [ - 3 . > v - - { N N
with the recuirerentc ound P A N I L S oo
o . S ‘-3
o Ve T sk IS . - i =
A NTN=UNLI YT on8su BRS EEA RO il e ARV A T ‘e :
. .
.
result,  lenco, drnoarocmown compds it e T ase T e -

L e B boa e by s . :

- .on 30,".-.4’.-‘/‘, LA R PSR R PSRV PO . L wo Y DL
Y 3 e CRRL LT . M b P ot K N t b

@Ve 103 sipniilcant voderanads W.oblln Yhe coave ol cen Listg, Ll

~ 3 - - s - . L = .
a5 woinv.d o1t I vhe rurcein, co Uhowave Wt Lo T ‘ Sl g
~ - ’ D SERV ey L) .
e . i . - v
S T
FERR VTIRS B S A ) ¢
[N (SRR JY
ooy rar e A
R v .
SAa . i Tt
s v [P | : :
Irom S'nnalets-noise summor and g rtete g Teloenttle s
PRl . ‘-
Yag s chnsishoon W f‘} b'.“ R N PR J [T - v v
2 .- - - K - ~ vy °~ £ . S -
e oR IR~ N P S > P : .
mesanble valre 2 3, s ot oca Uit e oz L et e
s ,
~ e - v !
/ M tote} - R S T R P S R 4 F T i -y H
~/.0 20 Lhe L/, soniion i doooinze 3, Is orot oar T LT omtiung/
-~ v o4 o r g P TN .y 2 -~ !l ' M
sec and meLtittan valie b SR SRS T I
PR vy " N .. - b} B ~ H
tav the lowest v Gostls 2w w0 L. = Tt e A
.
HEE SIS T N I . e ey e : : :
AR LH2T TorT e sonds Lo ot L osu Svou o sacooar L) . o2
[ S M NI R ¢ . 1 ~ - ' N o S M g
Iorothie 1 me iaput D lites the lowest U/ fvom b e Conhos
by A ™ S RN . N ; -~ N
=56 db. The above valoe oo oogeenng oo b le ol e [N ST
Dt R N ST ST
v - .
=42 dbn ko =23 Fhm, hoosToal vt YTl s bre e :
PRPEN Y v STA e - N PR
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that the phase detector can successf lly handle. ‘lence the 3/ dymani

range that will be employed for tha 7 roceiver will very Trom =30 4t to
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+30 db for a 76 db.range.

2.1 Circult echsnization

The following sect’ ons include a brief discussion of the circuit
mechanization considered., In many instances particular circuits developed
on former pro ccts provide a basis for further development if not the
final solﬁtion. llost of the circuits referenced in succeeding sections
require additional development and test data especially with regard to phase
linearity.

2.1.1 Limiter

The zain, dynamic range, limit level and linear power canabllity
of the Fl! Receiver is listed in fizure 1 as 35DB, 33DB, ODP! and ODBM
respectively, Two basic tunnel diode liniters have been develoned by
Westinghouse (figure 14 ard 15) that provide a basis for comnarison if

not a finalized circuit,

+ ) Caor L-Hb-—*-/

Cin '

'l

ol

Figure 13, Tunnel Dinde Limiter CiT 1
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2,1,2 Buffer Amplifier

As shown in figure 1 the buffer amplifier must provide +20 D
of gain between the last limiter stage and the phase datecctsr, The
btuffer amplificr must exhibit a linear power capalilit: to +30 17,
Fuftﬁer, the power gain rmust be stable as a function »! tomperatire and
the tandwidth sufficient rt to degrade the T{/RX pair frc . ercy ros.onse.
The broadﬁand feedbacic pair illustrated in figire 1, exhibits all these
characteristics except the linear power capability, The povwer canability

Will be achieved by a similar arrangement of power tra=sistors.

fv

a”——‘;
'

s ¢ é
1

o
-

igure 1, Feedback Pair
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Figure 1%. Tunnel Diode Limiter CKT 2
If the limiter illustrated in figure 1l is preceded by the limiter of-

figure 15 the overall characteristic of figure 16 resultc

¥

Co 2 - §
e — CKT o~ CKY ! | DR b_B

Cin -

Figure 16, Cascaded Tunnel Diode Limiter
Cascading additional stages of- CKT simply adds 18DB of dynamic range and 7Db
of gain per stage. Therefare, a limiter chain consisting of four stages of
CKT2 terminated by one stage of CKTy will yield 35DB of gain and 79DB of dyna-
mic range. An eight stage tunnel diode wideband limiter was built using this

technigue. The characteristics are listed as follows:

1. Gain 60 DB ' |

|
2. Dynamic Range 60 DB 3
3. Limit level 200 mv (+ 0.25% variations over

60DB input range)
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4. Frequency Tested up to 100 mec
S Bandwidth 30 me
6. Power Dissipation 1/l watt

(1)
A comparable limiter patterned after the work of Ruthroff was

fabricated. A typical amplifier limiter stage is shown in figure 17. Four

stages were cascaded and the following characteristics achisved.

1, Gain 60 DB
2. Input Dynamic Range 60 DB Min
3, Limit Level 200 mv (negligible

Variation with OODB input change
L. Froquency Tested Up to 100 «C |
5. Bandwidth 20 11C
6. Power Dissipation 3 watts

The comparative phase shift of both tynes of limiter was measured at 30 MC over
50 DB change of input level, The tunnel diode limiter exhibited 17 degrees of
phase shift, Ruthro”f's limiter shifted the phase of a 30 mc unmodulated
carrier 35 dejrees over the same dynamic range of inout.’ A comparaole test
for shift in limit level as a function of temperatures variation was ~onducted.
The tunnel diode limitar level shifted 5.4 from a 200 mv limit level over a
temperature range of -BOOC to + 7008. The conventional limiter limit lewvel
shifted 20% from 200 mv over the same temperature level. The tunnel diode
limiter is less tamparature sensitive and yields less phase shift as a
function of drive level; however, the limit level variation as a function of
drive level is inferior to the conventional limiter. The tuhnel diode limiter

approach will be applied to the FM Heceiver,

1s "Amplitude Modulation Suppression in FM Systems" by C T ituthroff, The Bell
System Technical Journal, July 1958,
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FIOURE 17 (Basic oonventionsl limiter-omplifier circuit)

.
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2.1.3 Phase Detector

radians
The phase detector constant (Km volt ) was referenced earlier

in this report as 2 volts/radian. This value is based on the characteristic
of the phase detector illustrated in figure 18, whereby the scale [actor of

2 volts/radian corresponds to a signal drive level of +10DBM, The referenced
phase detector was fabricated and tested during the Phase I prosram and the
characteristic is referenced here as a basis for the Phase Lock Detector de-
sign goal.' The video response is indicated in figure 197,

2.1.k Loop Amplifier

The loop DC amplifier gain ( Ko-) was listed in section 3,5 as
volts
50.3volt . Ideally, the loop amplifier gain is independent of frequency such
that the loop transfer function is established primarily by the loop filter,

However, as shown by Table I section 3,5 the maximum inform.tion bandwidth is

listed as-éxinéps, The loop amplifiers closed loop 3DB corner should be at

least ten times greater than the largest loop information bandwidth to nrevent

excessive influence on the loop transfer function. For example, computer in-
vestigation of the 3 pole Buttorworth closed loop response included in the I'M
Transmitter study indicated that an ad itional pole five times hicher in fre-
quency than the loop cut off frequency yielded O,7LL? peaking. &n adzitional
pole ten times the cut off frecuency resulted in O,3L DB peaking. OJeveral

comnercially available operational amplifiers were considered. The Philbricx
SP =456 (the chooper stabilized version of the Philbrick P-L5) exhibits a 3ID

a

closed loop bandwidth of 2.5 mc =t a closed loop sain of “, However, the

overall 3DB bandwidth is extended as outlined below:
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R : S, (S)

(s)

1ip— ¢
]

Figure 20, Compensated Operstional Amplifier

Eu(s) - R\ 1+ S Rae R QT Ry & ()
TR TR (:4)

eLs) | 1+ SRaC K
YT S AT T e
Y R ' T (RavRa)C Zan (35)
s T+ 1 e
€0 a_::_.' - Qv X’AS'XIDCgifl:\
R.BC Aoaa

Fizure 21 indicates the compensated amplifier response.

2.1.5 VGO

. \Wve e
The VCO contribution to the loop transfer function is TT:;%;i?.
bl G (JUSTY

The corner wl is related to the VCO center frequency and ( as indicated by

equations 35 and 37.

roy
Bw = TV (36)

t - W
Ny .__B (37)
g
There are two choices available for the application of wl to the overall

loop transfer function. The cornmer W, can be made one of the principal con-

tributions to the loop transfer function or wl can be made very large with re-

spect to the largest loop information bandwidth such that its influence (peaking)

50
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is ignored. UCince several loop information b-ndwidths are spscified, the
former choice 1is not attraztive., The latler choice (a low ¢ V'3) h1ag the
- disadvantaze that the inherent short term stability o° the oscillator is

relatively poor and is dependent on the lcop resoonse time, At low vilues
of loop information bandwidth the loop is restricted i: the amount of oscillator
short term stability it can correct. However, the latter choice will be used
whereby a loaded Q of S is the desirn goal.

The non-linearity of the oscillator is connected to some extent by the

gain of the phase detectar and lonp amplifier. Consider the following

e

Dvco\t)
B\ﬂs)ﬂ. 1 g < f‘i>
KN*« ‘%chg F(s) 'KVCQ

C5) = KvcoDvisis) _ l
| 4+ K Ko Ny co F (&) l/kvc;,—h“‘”‘\‘*?'i)

If széiﬂis cunsideread u Jocond loop input equivalent to the distorticn con-

(38)

tributed by the VIO it is obvious that the VCU distortion is attenuated by the

[
o)

product of the gaiﬂ of the loop amplifier and phase detector, Therefore, it
behoovas the designer to assicn as much lobp gain as practical to the loop
amplifier and minimum gain to the VCO within the constraints of the loop ampli-
fier dynamic range, drift and lirearity.

The 50 me VCO will be based on the Clapp oscillazor design. The oscillator
design equations are includsd are shown in equations 40 thru L5 of the P! Re-
ceiver Study. A typical schemaitic diagram and transfer of Fhﬂé:‘N are shown

in fizure 22 and 23 for a 70 mc oscillator patterned after ths Clap, design.

Although not shown an auxiliary AGC loop that regulates the oscillator power
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.

and majintains class A oneration a

included.

. 2.1.6 Loop AC

e . o

The

Janlifier
shase detweo

(10DB above RIS neise imut) in section
choices of supplying the referance nower
to deliv:r 30DEM directly (power oscilln
feedback pair with anproxinately 1oIR of

phase detector constitutes the

the disadvantage of contributing an additional loop corne

transport ld

u'

5 a Dunetion of freaquency 2han

ter referenice powoer

3

BECON Choice,

Howover, the V20O lincarity and ¢

‘J‘

—

will be

S

.

level way listed s 30DBM

repc-t, There are t.o

e H
.0 0f this

Tavao

laad NP
lave e oo

i1llator can he built

tor) or a wide tand medium power

cain betwaan 4 Low sower VIO ongd
The second chuoice S rers

nd additional

requiremnts releranced

earlier ares enouzh burden for thig unit aside from th? rolatively nich uor
levels The redium power Ceadback pair is erssentinlly wrne same circult re-
ferenced in fipwre 13 e-cont the outimt transister must he comabl s of deliver-
ing 3© DBM.
2.1.7 Brlancsl “iver

The ¥ tecciver reauiras two b daneod mixers. 1 alxer doun
converts the 0 M0 {recusney rodulatol carvicr to Dol oy omwltinliing S
mod:lated carrier with a 53 reference. the socond miver reverss, Lo cro-
ce33 or up converts the ™M snectrum from © 17 Yo U2 17, Only cne stage of
cmversgion is requiread as no overlap of the snectrum ceeurs as in the o wse of
the PM Receiver. Hach mixer is Ziowed Ly a 5 ind pass “iltar, The “iiter

phase resgonse »hill be linsar (Bessel).

forward exceont in thi» case of the un ¢

adge of the mod.ilntion snectrum caentered

provide very lit.le atignuation to the o5

55

The conversion nroorosas are 3dtraicht
coriverber the S5 M0 refargsc: i1s ab the
on SU MG, The Tesuel ST zer wlill

e reference.,



The m.xer balance to the roference w.ll be the proncipal source of reference
. . T N ~ . . . : - ..
rejoction. <+he balanced mirar 1is discussed in soct en L9 of the pYolaceiver

Stud}’.

,2.1.% Outopud smplifiers

Tre Video Bu fer Amplifiers shown in flmure 1 will be Thilbrick

SP-U56 operationzl amnlifiars,

2.1,¢ Lis:riminator

4
3

N was dise-

3
o
-

The Discriminator characteristics an mechinizat

cussed in seaction 3.7 of this study.
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